Recently, the construction of chemically modified electrodes (CMEs) has allowed lowering the operational potential required to oxidize rather electroactive organic compounds. CMEs based on the modification of glassy carbon or graphite rods with metal (e.g. copper, [17] [18] [19] cobalt 20 and nickel [21] [22] [23] [24] [25] ) have shown a high catalytic activity towards polyhydroxy compounds. These electrodes have been successfully applied to detect carbohydrate, 17, [20] [21] [22] [23] amino acids, 23, 25 sugars 18 and aliphatic alcohol compounds 24 using amperometric detection. A stable and inert electrode with low background current would be the best choice for the deposition of metal electrocatalysts. Metalmodified diamond electrodes appear to be well suited to improve sensitivity. In 2001, Uchikado reported the use of nickel-modified BDD electrodes for carbohydrates. 26 Moreover, the ion implantation has been successfully used in doping semiconductors such as silicon and gallium arsenide. In particular, applications of the ion-implanted diamond have recently come to light. In this study, the electrical conductivity and other physical properties could be controlled by ionimplanting diamond.
Only a few applications for electrochemical use by metal-implanted conductive BDD electrodes have been reported. 27, 28 Therefore, we want to develop methods for the determination of tetracycline by using the Ni-implanted diamond electrode.
Tetracycline (Fig. 1) is a broad-spectrum antibiotic, which is commonly used in human pathologies as well as in veterinary medicine, animal nutrition and feed additives for cattle growth. It is used for many different infections, such as respiratory tract infections, urethritis and severe acne. [29] [30] [31] It also has a role in the treatment of multidrug resistant malaria. Adverse effects include gastrointestinal disturbances, renal dysfunction, hepatotoxicity, raised intracranial pressure and skin infections, such as rosacea and perioral dermatitis.
Numerous methods have been reported for the determination of tetracyclines. These include titrimetric, 32 spectrophotometric, 33, 34 fluorometric, [35] [36] [37] chemiluminescence, 38 liquid chromatographic 39, 40 and electrochemical methods. [41] [42] [43] [44] [45] Among these methods, the electrochemical method is very attractive owing to simplicity, speed of analysis, low cost and high sensitivity. There are some reports about using polarographic methods for analysis of tetracycline. 46 Their drawback is the use of mercury, which is toxic and is not In this present work, we report the use of nickel-implanted boron-doped diamond thin film electrodes to study the electrochemical oxidation of tetracycline using cyclic voltammetry. Our focus is placed on comparing these results with those from as-deposited BDD electrodes. In addition, the performance of the Ni-DIA electrode for the detection of tetracycline was examined by hydrodynamic voltammetry and FIA with amperometric detection for determination of tetracycline in standard chemical form and in commercially available capsules.
Experimental

Chemicals and reagents
All chemicals were analytical grade and all solutions were prepared by using deionized water. Phosphate buffers were prepared from 0.1 M potassium dihydrogen phosphate (BDH) and were adjusted to the desired pH using 85% phosphoric acid (Merck) for pH 2 -5 and 0.1 M NaOH for pH 6 -10. The standard tetracycline hydrochloride (Sigma-Aldrich) solutions were freshly prepared in 0.1 M potassium dihydrogen phosphate solution prior to use.
A stock solution containing 481 µg ml -1 (1 mM) of tetracycline hydrochloride in 0.1 M phosphate buffer (pH 2) was used to prepare standards in four 10-ml volumetric flasks. The final concentrations of the standard solutions were 24.1, 48.1, 96.1 and 144.3 µg ml -1 , respectively. All solutions were protected from exposure to light with aluminium foil and were stored at < 4˚C.
Sample preparation
Tetracycline hydrochloride capsules (250 mg TC-mycin, Vesgo, USA) were used in this study. The contents of 20 capsules were disintegrated and weighed. An accurately weighed portion of not less than 200 mg was transferred into a 100 ml volumetric flask. This was diluted to volume with 0.1 M phosphate buffer (pH 2), and then filtered through a 0.45 µm nylon membrane filter. The filtrate was further diluted with 0.1 M phosphate buffer (pH 2). This solution was diluted in such a way that the concentration of tetracycline in the final test solution was within the linear dynamic range (1.0 -100 µM).
Electrode
The experimental conditions and the apparatus used for the diamond film growth have been described in detail elsewhere. The films were prepared by deposition of the boron-doped polycrystalline diamond thin films on highly conductive n-Si (100) substrates by high-pressure microwave plasma-assisted chemical vapor deposition (CVD) system (ASTex Corp., Woburn, MA). The boron source, B2O3, was dissolved in this solvent mixture so that the B/C ratio was approximately 10 2 ppm. These films were implanted with 750 keV Ni 2+ with a dose of 5 × 10 14 cm -2 (Tandetron 4117-HC, HVEE). The annealing was performed at 850˚C for 10 min in ambient H2 (80 Torr). The nickel-implanted boron-doped diamond electrodes (Ni-DIA) have been prepared in Associate Professor Yasuaki Einaga's laboratory. The presence of Ni particles on BDD surface was confirmed by XPS and SEM. The experimental conditions and the apparatus used for this characterization have been described in detail elsewhere. 26 The Ni-DIA electrodes were rinsed with ultra-pure water prior to use. The as-deposited BDD electrode was grown on n-Si (100) substrate (obtained from Centre Suissed' Electronicat de Microtechnique SA (CSEM)). It was rinsed with ultra-pure water prior to use.
Voltammetry
Electrochemical measurements were recorded using an Autolab Potentiostat 100 (Metrohm, Switzerland) with a standard three-electrode configuration. The planar working Ni-DIA or BDD electrode was pressed against a smooth ground joint at the bottom of the cell, isolated by an O-ring (area 0.07 cm 2 ). Placing the backside of the Si substrate on a brass plate made ohmic contact. For comparison, the as-deposited BDD electrode was used. A platinum wire was used as the auxiliary electrode and Ag/AgCl was used as the reference. Cyclic voltammetry was used to study the electrochemical reaction. The electrochemical measurements were housed in a Faradaic cage to reduce electronic noise. All experiments were done at room temperature.
Flow injection analysis with amperometric detection
The flow injection analysis system consisted of a thin layer flow cell (Bioanalytical System, Inc.), an injection port (Rheodyne 7725) with a 20 µL injection loop, an air pump (Ismatec) and an electrochemical detector (PG 100). The carrier solution, 0.1 M phosphate buffer (pH 2) was regulated at a flow rate of 1 mL min -1 . The thin layer flow cell consisted of a silicone gasket as a spacer, the Ag/AgCl as the reference electrode, and a stainless-steel tube as the auxiliary electrode and outlet. The experiments were performed in a copper Faradaic cage to reduce electrical noise.
Results and Discussion
Cyclic voltammetry
Figures 2(a) and (b) show cyclic voltammograms for tetracycline oxidation at Ni-DIA and BDD electrodes in 1 mM tetracycline + 0.1 M phosphate buffer (pH 2). The corresponding backgrounds are also shown. The Ni-DIA electrode exhibited a well-defined irreversible oxidation peak at ∼1.5 V versus Ag/AgCl, whereas the BDD electrode provided a well-defined irreversible oxidation peak at ∼1.4 V versus Ag/AgCl.
Both Ni-DIA and BDD electrodes provided well-defined cyclic voltammograms.
pH dependence study
The electrochemical parameters of the tetracycline reaction at pH 2, 3, 4, 5, 6, 7, 8, 9 and 10 at Ni-DIA electrode were studied. It was found that tetracycline gave an oxidation peak at acidic pH. The oxidation potential decreased when the pH of analyte solution increased.
From this study, we found that tetracycline in phosphate buffer of pH 2 provided the highest S/B. Therefore, we used this pH for the next experiments. Figure 3 shows the cyclic voltammetric response of 1 mM tetracycline in 0.1 M phosphate buffer (pH 2) with variation of scan rates from 0.01 to 0.3 V s -1 at the Ni-DIA electrode. The oxidation current varied highly linearly (r 2 > 0.99) with the square root of scan rate (ν 0.5 ), as shown in the inset of this figure, indicating semi-infinite linear diffusion of reactant to the electrode surface.
Scan rate dependence study
Concentration dependence study
The oxidation peak current was investigated for the concentration range from 0.1 to 3.0 mM of tetracycline at the Ni-DIA. Figure 4 shows the cyclic voltammograms with the concentrations of the tetracycline varied from 0.1 to 3.0 mM. Linear regression analysis of current (µA) versus concentration (µM) profile gave a wide linearity from 0.1 to 3.0 mM (r 2 > 0.99) for the Ni-DIA electrode, as shown in the inset of this figure.
Flow injection analysis with amperometric detection Hydrodynamic voltammetry.
Figure 5 of phosphate buffer (pH 2), using phosphate buffer (pH 2) as the carrier solution. Each datum shows the average of injections. The absolute magnitude of the background current at each potential is also shown for comparison. Hydrodynamic voltammogram for tetracycline did not produce a sigmodial shape of the signal versus potential. To obtain the maxima potential point, we calculated the S/B ratio from Fig. 5(a) at each potential. Hydrodynamic voltammetric S/B ratio versus potential curve was obtained as shown in Fig. 5(b) with the maximum S/B ratio of 1.55 V versus Ag/AgCl. Hence, this potential was set as the amperometric potential detection value in flow injection analysis experiments. Linear range, detection limit and reproducibility. A series of repetitive 20 µL injections of tetracycline at a concentration of 1 -100 µM in 0.1 M phosphate buffer (pH 2) was examined using amperometric potential of 1.55 V versus Ag/AgCl. The calibration curve was obtained from three injections of five concentrations of tetracycline (1, 5, 25 , 50 and 100 µM). Using a least square-linear regress fit, it was found that slope (sensitivity) was 0.058 µA/mM, intercept was 0.6476 µA and correlation coefficient r 2 > 0.99. A linear dynamic range was obtained over two orders of magnitude, from 1 to 100 µM. The limit of detection (LOD) is the concentration of analyte, which provides three times of the ratio of the analyte current to noise signal (S/N ≥ 3). Interestingly, LOD of this proposed method was obtained after five injections of 10 nM tetracycline. The precision of the method was investigated for the standard solution at concentrations of 10 and 25 µg/mL. Ten measurements were made with each concentration on the same day.
Results exhibited very good precision with peak variabilites of 2.82%.
Drug analysis of tetracycline capsules
The proposed method for tetracycline was applied to the determination of tetracycline hydrochloride capsules. The precision of the method was obtained on the basis of intra-assay comparisons using standard addition. Recovery results are summarized in Table 1 . The tetracycline content of the drug calculated from this calibration plot (251.03 ± 0.05 mg per tablet, n = 2) was found to be in satisfactory agreement with the labeled amount of 250 mg per capsule. There was no significant difference between the labeled contents and those obtained by the proposed method. Recoveries ranged from 97.22 to 102.38%. Table 2 summarizes data obtained from the other methods for determination of tetracycline compared with the proposed method. It was found that using the Ni-DIA electrode with amperometric FIA gave the wide linear dynamic range (two orders of magnitude). Interestingly, the proposed method provided a very low detection limit of 10 nM, because the Ni-DIA electrode exhibited very low background current and noise signals. It also resulted in very high sensitivity. This outstanding performance of the BDD electrode makes it attractive for using as working electrode in FIA system for analysis of tetracycline.
Comparison with other methods
Conclusions
This is the first use of Ni-DIA electrodes for the electroanalysis of tetracycline. It was found that Ni-DIA electrodes exhibited excellent performance for the oxidative detection of tetracycline. Well-defined voltammograms were obtained at the Ni-DIA electrode, which exhibited high sensitivity and demonstrated significant advantages over the BDD electrode, because of its superior electrochemical properties.
The outstanding capabilities of the Ni-DIA electrode were demonstrated by coupling with FIA. Application of the proposed method for determination of tetracycline in commercially available tablet forms shows that this method is precise, accurate and very sensitive. 
